Multiple ionization cross sections of atoms by swift ions in the independent electron model by 和田  隆生 et al.
ＴＨＥＢＵＬＬＥＴＩＮＯＦＯＫＡＹＡＭＡＵＮＩＶＥＲＳＩＴＹＯＦＳＣＩＥＮＣＥＮｏ８８Ａｐｐ､41-46(2002）
Multipleionizationcrosssectionｓｏｆａｔｏｍｓｂｙｓｗｉｆｔ
ｉｏｎｓｉｎｔｈｅｉｎｄｅｐｅndentelectronmodel
ＴａｋａｏＷＡＤＡａｎｄＴｏｓｈｉａｋｉＫＡＮＥＫＯ
Ｇ７ＭＭｅＳｂｈｏｏｌｑｆ服e”Ｃｅ，
ＯｈｑＷ７２ａ［んLiuer8itZ/QfSb郷ce
EidqichoLI，ＯＡｑＷｍｑ７〃-〃05,．厄Pα”
（ReceivedNovemberl,2002）
Theimpact-parameter-dependentionizationprobabilityisobtainedfromconsideration
oftheCoulomb-Bornionizationcrosssectiontogeｔｈｅｒｗｉｔｈｔｌｎｅｅｎｅｒｇｙｔｒａｎｓｆｂｒｔｏｔｈe
atomicelectrons･DifTbrentfromtlleconventionalperturbativetreatments9thisionization
probabilityisfbundtosatisbtheunitarityevenfbrhiglllychargedprojectiles・Usingthis
quantityウthemultipleionizationcrosssectｉｏｎｓｏｆＮｅａｎｄＡｒａｔｏｍｓｂｙｆａｓｔ－ｉｏｎｉｍpactare
calculatedintwokindsoftheindependentelectronmodels(IEM，s)．Oneisthattheorbital
energiesofnｅｕｔｒａｌａｔｏｍｓａｒｅｕｓｅｄ・ＴｈｅｏｔｈｅｒｉｓｔｈａｔｔｈｅｏｒｂｉｔａｌｅｎｅｒｇｉesarechangeCl
successivelyasthedegreeofionizationincreasesoneｂｙｏｎｅ・Bycomparison，ｔｈｅｌａｔｔｅｒ
ｍｏｄｅｌｗａｓｆｂｕｎｄｔｏｐｒｏｖｉｄｅｔｈｅｂｅｔｔｅｒａｇｒｅｅｍｅｎｔｗｉｔｈｔｈｅｄａｔａ．
1．Introduction
Theionizationprocessofatomandmoleculebyfastionimpacthasbeenoneofthefilndamentaland
importantproblemsmtheion-materialinteraction、ｓｏｆａｒａｌｏｔｏｆｗｏｒｋｓｈａｖｅｂｅｅｎｃａＥｒｉｅｄｏｕｔ・For
lighttargets，ｔｈｅｍultipleionizationofHeatomwasinvestigatedindetailbyseveraltheoreticaland
experimentalScientist[l-5lForhea('iertargets,IbwaraetaL[6],Ibnumaetal[7,8],andMatsuoet
al.[9]reportedtheexperimentaldataofthemultipleionizationcrosssectionsofArandNeatomsby
thelD5MeV/amuArz1＋andNez1＋(Z,=4,6,8)impact[5-9]､Saitoetal・measuredtheionizationcro8s
sectionofAratomimpactedbythe2MeVC3+[10］Moreover,theyhaﾊ'esimultaneouslyinvestigated
theelectroncaUptureprocess・Inrecentyears,MeloetaLsystematicallymeasuredthemultipleionization
crosssectionsofHe,Ｎｅ,Ａｒ,Ｋｒ,andXebyaprotonandanantiprotonwiｔｈ２ＭｅＶｉmpact[11］
Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ,thetheoreticalstudiesfbrthemultipleionizationprobabiUtyofanatomhavebeen
majnlydonebothbytheindependentelectronmodel(IEM)[12]andbythestatisticalenergydeposition
model(SED)[13,14］ThecalculationbasedonthelEMneedstheimpact-parameter-dependentionization
probabilityandtheionizationenergiesofneutralatomsortheionizationenergiesfbrtheindividualionized
states、Inmostcases,thismodelisbasedontheperturbativetreatment,sothattheionizationprobabihty
exceedsunityandsomeartificialtreatmentswillbeneeded．ThecalculationbasedontheSED，onthe
otherhand,needstheimpact-pa正ameter-dependentenergylossandtheionizationenergiesofindividua1
ionizedstateslnthismodel,theionizationprobabilitiesaregovernedbythefactorfittedtotheexisting
dataltohcalculatedthedifIbrentialionizationcrosssectionasafnnctionofthescatteringangle[15,16］
withKaneko，sionizationprobability[17）
TheaimofthispaperistoinvestigatethemultipleionizationprocessbythelEMwithoutanyfitting
parametersorcorrections・Here，theimpact-parameter-dependentionizationprobabilityisobtajned
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fromsingleionizationcrosssectionwiththeimpact-parameter-dependentenergytransfbr、Themultiple
ionizationprobabilityfbrtwocasesiscalculatedwiththeionizationenergiesofneutralatoms[18]and
ofionized[19]stateslnsec、２，theionizationprobabilityisderivedfromthesingleionizationcross
section、Section3isdevotedtothetreatmentofthenn1ltipleionizationprobabilityandthecomparison
oftheoreticalresultswithexperimentaldata．Ｉｎsec、４，wegiveaconclusion・Throughoutthepaper，
e，ｍｅ，αＢ，ｕＢａｎｄハdenotetheelementarycharge，theelectronrestmass，ｔｈｅBohrradius，theBohr
velocityandthePlanckconstantdividedby2mrespectively６
2．IonizationProbability
Weconsidertheionizationofanatomcollidingwiththefhstion､Weassumethattheprojectileisthe
pointcharge,withtheincidentvelocityfasterthanthemeanorbitalvelocityofthetargetelectron・The
chargeexchangeprocessesareassumednottooccurduringthepassage・Fbrsimplicity,wefirstconsider
thecrosssectionfbrionizingthehydrogenlikeatomicelectronintheBornapproximation・According
toquantum-mechanics,theionizationcrosssectionbythepointchargeprOjectilewithcllarge,Z1e,can
beanalyticallyobtainedHere,theinitialandthefinalstatesarethels-stateandthecontinuous-state
eigenfilnctionsofapureCoulombfield・thedifIbrentialcrosssection,。or,fbrexcitingfromthelstothe
局stateisexpressedas
‘｡-鵲仙,ｗ)'１．１''帆（１）
where凧UandMenote,respectively,themomentumtransfervector,theincidentvelocityandthewave
numberoftheemittedelectron・Thewavefimctionoftheinitialandthefinalstatesareexpressedas
w=為｡叩(-:)，（２）
妙←赤卿(赤十編つF('+`六)F(-`余ルバ纈癬+師）（３１
where,ｒａｎｄＦａｒｅｔｈｅｇａｍｍａｆｉｍｃｔｉｏｎａｎｄｔｈｅconfluenthypergeometricfmction、Theconstantaisthe
lsorbitalradiusdeterminedbythebindingenergｙＥａｓ｡＝ハハ/面７７正.Afterintegration,theionization
crosssectionusingtheseisexpressedas
‘‐ﾉr`Eﾉ(;潟】`いの(夛蒜壽持
｛(")2＋'土山;』塑}exp[-余伽－１両ﾜﾆ器両］ （４）×｛(α9＋α侭)2＋1}3{(Ｑ９－ａＫ)2＋1)3(１－e-2穴ﾙﾊﾟ）
whereＥ(＝ｎ２侭2/2ｍ。)istheenergyoftheemittedelectronandthevalueoftan-1rangesfromOto冗
Hereweintroducetheimpactdependentenergytransfbr,derivedintheclassicalRutheｴfbrdscatteIing・
Inderivation,thebindingefIectisneglectedsothatonecanconnectthisenergytransferwiththekinetic
energyoftheionizedelectronThenwehave
E＝型i堂 （５）ｍｃＵ２６２＋α2＋(Z1e2/『Ｍ２)２
whrer6denotestheimpactparameter・Here,ｗｅａｄｏｐｔ６２＋q2insteadof62becausetheuncertaintyof
thetargetelectronistakenintoaccount．
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Oncethisrelationisused,werewritetheionizationcrosssectioninthefbrmoftheimpact-parameter
expressionwiththeclassicalenergytransfbr、Then,bycomparingthefbrmalexpressionfbrtheionization
crosssection
。-断か"('） （６）
withthemodifiedexpressionusingeq.(5),theimpact-parameter-dependentionizationprobabiliｔｙＰ（６）
isfinallyderivedas
212(α/αB)4Ｚｆ？(`にﾉ(;iwHr1`１町１M｡Ｍ)((命ｗＭ.)平
｛(｡’)2＋'±』;竺三}ezp[-余伽-1(｡,)遡鶚)塾+,］ （７）×｛(α9＋α傭)2＋1}3{(Ｑ９－ｑ代)2＋1}3(１－e-2派〃,c)，
where9(m､)＝(Ｅ＋e)/ｈひwithEineq.(5)(E:ionizationenergy)andq(…)＝｡｡､Thederivedprobability
eq(7)dosenotexceedunityevenfbrhighlychargedprojectilesandsatisfystheunitarity．
3．MuMplelonization
lnthissection,weconsiderthemultipleionizationonthebasisoftheexpressioneq.(7)togetherwith
twotypesoftheindependentelectronmodels，Oneisthattheionizationenergiesfbrtheatomicstatesa正e
used[18］Theotheristhattheionizationenergie…echanged,dependingonthedegreeofionization[19]、
Inthefirstcase,then-thmultipleionizationprobabilityfbragivenshellisexpresseｄａｓ
Ｐｈ(6)＝α)P(6)､('一P(6))昨”（８）
wherejVisthenumberofthetargetelectronsintheshellofinterest,andnisthenumberoftheemitted
electronsamongthem・
Ｉｆｗｅｅｘｔｅｎｄｔｈｉｓｍｅｔｈｏｄｔｏｔｈｅｃａｓｅｓfbrmoreatomicshellstakingpartinthen-thmultipleionization
probabilityiswrittenas
〃
Ｐｈ(6)＝ZPHLj(6)守(6)（９）
ノーｏ
where，PAandPBaretheionizationprobabilityfbrtheshellAandtheshellB，respectively、Figurel
showsthemultipleionizationcrosssectionsofAratombythe1.05ＭeV/amuArz1＋(Z,＝4,6,8)impact、
Ｔｈｅsolidsymbolsconnectedbysolidlinesshowthetheoreticalresults・Ｔｈｅｏｐｅｎｓｙｍｂｏｌｓｃｏnnectedby
dashedlinesshowtheexperimentaldata[7]､Theionizationenergiesofneutralatomsinref[18]areused、
Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ,thesquares，trianglesandcirclesshowtheexperimentaldatafbrthecasesofZ,＝
４，６，ａｎｄ８，respectively、Theseexperilnentaldataarewenconsideredtobethedirectionizationcross
sectionwithoutthechargechangingprocessAtaglance,thecrosssectionsfbrthesmallchargestates
arewellreproducedbutfbrthelargechargestatesthereisanunnegligiblediscrepancy、
Inthesecondcase，weassumethattheelectronsareioniｚｅｄｏｎｅｂｙｏｎｅａｎｄｔｈｅｒｅｓｔｅｌｅｃｔｒonsim-
mediatelymovetothetransientgroundstate・Moreover，theelectronsintheinnersheUs麺eassumed
nottobeionizedtilltheelectronsintheoutershellsareallionized・Then,then-thmultipleionization
probabilityfbreachshellsisexpressedas(Ｗｈｅｎ汗thelectronsareionizedtillashell）
0$） P(6,e,)Ｐ(6,e2)…Ｐ(1),E")(１－Ｐ(6h+,))Ｎａ一"｡/C，Ｅｕ(6)＝ (10）
wherejVddenotesthenumberofelectronintheshellaandnadenotesthenumberofemittedelectrons
●
fromtheshella・Inaddition，Ｅ,，Ｅ２ａｎｄＥ汎denotethefirst，ｔｈｅsecond，andthen-thionizationenergies．
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TheCisthenormalizationconstant・Figure2showsthemultipleionizationcrosssectionscalculatedby
usingthesuccessiveionizationmodeLHere,theexperimentaldataandthesymboｌｓａＴｅｔｈｅｓａｍｅａｓｉｎ
ｆｉｇ・LTheionizationenergiesusedhereareshowninref[19].Figure3showsthemultipleionizationcross
sectionsofNeatomwithl､05ＭeV/amuArz1＋(Z,＝4,6,8)impact[9］Thesearethesamethesymbolsas
infig・LFigure4isthemultipleionizatioｎｃｒｏｓｓｓｅｃｔｉｏｎｓｏｆＡｒａｔｏｍｂｙｔｈｅ２ＭｅＶＣ３＋impacttogether
withthedata[10lThesolidsquaresconnectedbythesolidlinesandtheopensquaresconnectedbythe
dashedlinesshowthetheoreticalresultsandtheexperimentaldata1respectively．
４．Conclusion
lnthispaper,themultipleionizationprocessofＮｅ,ａｎｄＡｒａｔｏｍｓｃｏＵｉｄｅｄｂｏｍｂａｍｅｄｂｙｆａｓtcharged
particlefasterthantheBohrvelocitywasstudiedonthebasisofanewtheoreticalfbrmula・Usingthe
derivedtheoreticalfbrmula,wecalculatedthemultipleionizationcrosssectionswｉｔｈｔｈｅｔｗｏｋｉｎｄｓｏｆｔｈｅ
ｌＥＭＴｈｅｎｕｍｅｒicalresultsshowgoodagreementwiththedatabothontherecoil-chargedependence
andontheincident-ChargeｄｅｐｅｎｄｅｎｃｅＴｈｅｌＥＭｗｉｔｈｔｈｅｕｓｅｏｆｔｈesuccessiveionizationenergies，
dependingontheresidualchargestate,givesbetterresultsthanthelEMwitｈｔｈｅｕseofbindingenergies
ofneutralatoms・Itmeansthatthemultipleionizationwilltakeplaceintheone-by-oneprocess,andthe
residualelectronsystemwillbesuccessivelyinthetransientgroundstates．
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ＦＩＧ､２．Themultipleionizationcrosssec-
tionsofAratombytheLO5MeV/amuArz1＋
(Z,＝4,6,8）impact[7lThesymbolsarethe
sameasinfi9．１．
ＦＩＧ,３．Themultipleionizationcrosssec-
tionsofNeatombytheLO5MeV/amuArz1＋
(Z,＝4,6,8）impact[9]、Thesymbols麺ｅｔｈｅ
ｓａｍｅａｓｉｎｆｉｇ、１．
1Ｅ－１４
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ＦＩＧ、４．Themultipleionization
crosssectｉｏｎｓｏｆＡｒａｔｏｍｂｙｔｈｅ２ＭｅＶ
Ｃ３＋impact・Thesolidsquarescon-
nectedbysolidandopensquaZcscon-
nectedbydashedlinesshowthecal-
culationresultsandtheexperimental
data[10],respectively．
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